Indium gallium nitride (In x Ga 1−x N) is a technologically important material for many optoelectronic devices, including LEDs and solar cells, but it remains a challenge to incorporate high levels of InN into the alloy while maintaining sample quality. A series of InGaN epilayers was grown with different hydrogen flow rates (0-200 sccm) and growth temperatures (680-750
Introduction
Research on III-nitride materials for use in optoelectronic devices has advanced in recent years, with the emergence of high efficiency blue light-emitting diodes (LEDs) and laser diodes, but achieving highly efficient nitride-based green LEDs still poses problems. The most common alloy used for achieving green emission is InGaN, but the drop in efficiency with increasing InN fraction is marked and still not fully understood. It is well known that the reduction in growth temperature allows the increase of the InN fraction within the alloy, shifting the wavelength into the green [1] , but the ammonia used to provide nitrogen during growth is difficult to dissociate at these lower temperatures, resulting in a reduced InGaN layer quality. Incorporating large InN fractions can also lead to strain-induced phase separation producing layers with spatially inhomogeneous luminescence [2] . The challenge still remains to obtain high InN fractions within InGaN alloys while maintaining sample quality and luminescence homogeneity, especially for relatively thick layers (>50 nm). The addition of small amounts of hydrogen carrier gas during growth has been seen to improve the sample quality but at the expense of a reduction in the InN incorporation [3] [4] [5] [6] .
In this work we characterized a set of 160-nm thick InGaN epilayers to determine the effect of adding small amounts of hydrogen to the gas flow, during growth at lower temperatures, on the composition and luminescence properties of the material. The composition was measured using wavelength dispersive x-ray (WDX) spectroscopy, x-ray diffraction (XRD) and Rutherford backscattering spectrometry (RBS). The luminescence properties were explored using cathodoluminescence (CL) hyperspectral imaging, in which the sample is rastered under an electron beam using a precision scanning stage and the emission spectrum recorded at each point to build up a multidimensional luminescence dataset [7, 8] .
Experimental details
A series of InGaN epilayer samples was grown on c-plane GaN/sapphire substrates using a Thomas Swan 6 × 2-inch close-coupled showerhead metalorganic vapour phase epitaxy reactor using trimethylindium (TMI), trimethylgallium (TMG) and ammonia (NH 3 ) as source materials. Details of the GaN epilayer growth can be found elsewhere [9] . The threading dislocation density of the GaN template was about 5 × 10 8 cm −2 as measured by counting the pit density in atomic force microscopy (AFM) images after the sample surface was subjected to treatment with silane and ammonia [10] . For the InGaN deposition the main carrier gas used was nitrogen with small quantities of hydrogen (up to 200 sccm (standard cubic centimeters)) added for certain layers, while using TMI flow of 23.0 μmol min −1 , a TMG flow of 11.2 μmol min −1 and an ammonia flow of 446 mmol min
at a reactor pressure of 300 Torr. The samples were grown with an InGaN layer of nominal thickness 160 nm and with target InN fractions varying from 5% to 20%, which was achieved by varying growth temperature and hydrogen flow rate, as shown in table 1. The temperatures quoted in this paper are the susceptor temperature measured using a pyrometer calibrated against a black body source. Based on the layer thicknesses determined by XRD and RBS, the InGaN growth rate varied between approximately 1.6 and 1.9 nm min −1 depending on the alloy composition. The WDX composition and CL measurements were carried out on a modified Cameca SX100 electron probe micro-analyser (EPMA) with an attached optical spectrograph, and the XRD data was measured using a Philips X'Pert MRD diffractometer. The RBS measurements were performed using 1.5 and 2 MeV He + ions and both spectra were fitted simultaneously to a two-layer model using the RBS analysis code NDF [11] . AFM measurements were performed in tapping mode using a Digital Instruments Nanoscope Dimension 3100 microscope, and the data were analysed using the WSXM software package [12] .
Results and discussion
WDX spectroscopy was used to obtain the InN composition of each InGaN epilayer sample. We compare this with the XRD and RBS data as shown figure 1. Figure 1 displays the known trend of decreasing InN fraction with either increasing growth temperature (labelled D to A) or increasing hydrogen flow rate (labelled 00 to 200 after the equivalent flow rate in sccm). All three techniques are in agreement with this trend, but the InN fractions measured using XRD are consistently lower than those measured using WDX. This difference is attributed to a compositional gradient through the layer, with the higher InN fraction lying close to the surface. The excitation volume of the 5 keV electron beam within the InGaN layer is less than the XRD sampling volume, with XRD providing more of a bulk measurement [13] ; a higher InN fraction nearer the surface will thus disproportionately influence the WDX technique. RBS measurements were performed on two of the samples to test this hypothesis by providing depth-profile information. The RBS spectra for samples B00 and D100 were each fitted using a two layer model, in which the thickness and composition of two uniform layers was varied. The spectra and fits for sample D100 are shown in figure 2(a) .
The spectra clearly show a reduction in indium counts for both epilayers as the energy reduces, with this negative slope more clearly visible in the magnified portion of the D100 trace shown in figure 2(b). This confirms that there is a variation of InN content with depth within the InGaN layer, with the higher InN composition near the surface. The composition gradients are estimated by fitting the RBS data using the approximation of two layers of different InN fractions, as reported in table 1. Using this RBS result as a guide the XRD measurements were further analysed on samples B00 and D100. Reciprocal space maps, as shown in figure 3, revealed broad InGaN peaks relative to the GaN template peaks. The GaN templates are under slight in-plane compressive strain, (−1.6 and −1.7 × 10 −3 for B00 and D100, respectively) due to mismatches in thermal expansion during cool down along with differences in GaN template thickness. These strain values match the RSM data in figure 3 after the necessary rotation correction to account for small differences in the mounting of the samples. The InGaN peak broadening is greater for sample D100 with the higher average InN fraction suggesting a reduced crystal quality. For both samples, the small horizontal shift of the InGaN peak with respect to the GaN peak is indicative of a partial in-plane relaxation, 2% for sample B00 and 7% for sample D100, but no clear evidence was found of a relaxation gradient through the film thickness [14, 15] . Thus, the XRD model consisted of a single InGaN layer with a constant relaxation value but a linear variation of the InN fraction through the thickness of the film. The XRD models found an InN gradient covering a change of 1.4 at.% (from 10.8 to 12.2%) with a partial relaxation of 2% for sample B00, and an InN gradient covering a change of 3.0 at.% (from 16.2 to 19.2%) with a partial relaxation of 7% for sample D100. In order to make comparison between the XRD and the RBS data, the two-layer model used to interpret the RBS data was transformed into the equivalent linear variation with the weighted average InN fraction as shown in table 1. The average InN fractions determined by XRD are consistently lower than the RBS values: 11.5% versus 12.4% for sample B00 and 17.7% versus 19.2% for sample D100, respectively, while the change in InN fraction measured by XRD was found to be greater than the calculated RBS linear change for sample B00 (1.4% compared with 0.6%) but the results were comparable for sample D100 (3.0% compared with 3.2%). The upper and lower InN fractions which correspond to these gradients for both XRD and RBS are presented in figure 1 and table 1. The uncertainties associated with each of the data sets are all approximately ± 1% (absolute in x) or less.
In addition to the analysis of the composition as a function of depth we performed spatial studies to gain information on surface quality and luminescence homogeneity. Secondary electron (SE) images were taken using the EPMA to look at the differences in surface quality over the sample set. These SE images are shown in figure 4 , and illustrate that the surface quality worsens with decreasing growth temperature but improves with increasing hydrogen flow rate for samples grown at the same temperature. These images are compared with the results of AFM as shown in figure 5 .
The AFM images illustrate the morphological evolution with temperature and added hydrogen flow rate used for the InGaN epilayer growth. The InGaN samples A00 and B00 show smooth surface morphology in a standard H 2 free environment (figures 5(a) and (b), resp.). It should be noted that the black surface pits are V-defects and their density at approximately 4 × 10 8 cm −2 in sample A00 corresponds to the threading defect density in the GaN template underneath. The additional pits seen in surface of B00 that are arranged in a circular fashion, may originate from inversion domains bounded by stacking mismatch boundaries formed at the GaN/InGaN interface [16, 17] . The surface morphology of the InGaN epilayers becomes worse when the indium content is increased by reducing the growth temperature; figure 5(c) of sample C00 shows additional island formation while the surface of D00 in figure 5(d) is covered with small round islands and mounds. Adding hydrogen during the InGaN growth at the same growth temperature improves the surface significantly, e.g. compare C100 and C50 with C00 or D100 and D50 with D00; the large clusters of islands change with added hydrogen flow to far fewer and smaller inclusions on the surface. The transition from a poor morphology of samples C00, D00 and D100 to the much improved surface quality of samples C100 and D200 is also recognizable from the SEM images in figure 4 .
The better quality samples (A00, B00, C100 and D200) were further investigated by taking higher resolution CL hyperspectral images to see the relationship between luminescence homogeneity, growth temperature and hydrogen flow rate. The CL images shown in figure 6 (a) were generated by fitting a Gaussian curve to the InGaN emission peak of each spectrum in the hyperspectral image, and plotting the resultant peak energies as a function of position. An example of a fitted spectrum, taken from map B00, is shown in figure 6(b) . A visual comparison of luminescence homogeneity was accomplished by setting the range of the scale bars of each map to be the same, with the centre of the scale set to the mean peak energy of each individual map. In addition the mean maximum intensity of the CL peak of each map are shown in figure 6 (c), allowing a comparison of quantum efficiency to be made. The figure shows an overall decrease in mean CL intensity with decreasing growth temperature, but by a reduced rate for the samples grown with the addition of hydrogen. The CL mapping illustrates an increase in peak centre variation with decreasing growth temperature, but this effect is reduced with the addition of hydrogen; for example the map of sample D200 (680
• C, 200 sccm, 15.8% InN) is seen to have less variation in peak centre across the map than sample B00 (725
• C, 0 sccm, 12.8%) despite its high InN fraction. In order to compare the luminescence homogeneity and quality, the variation of peak position in each map was quantified, by calculating the standard deviation over the entire map. The standard deviation highlights the energy spread within the measured area and is compared with the WDX composition for the different samples in figure 7 . The standard deviation in the peak energy is seen to reduce on going from samples B00 to C100 to D200 (i.e. on decreasing the growth temperature and increasing the hydrogen flow rate). This further emphasizes that introducing small amounts of hydrogen into the carrier gas during growth at lower temperatures improves the luminescence homogeneity. The data further highlight that both a higher InN fraction and better luminescence homogeneity can simultaneously be achieved by introducing a small hydrogen flow into the growth procedure.
Conclusions
The composition and luminescence properties of a set of InGaN epilayers grown with varying temperature and hydrogen flow rate have been analysed. Compositional data from various techniques revealed the presence of an indium gradient through the layer for which the higher composition was found to lie near the surface of the layer. The gradient amplitude increased with increasing average InN fraction. The addition of small flows of hydrogen to the nitrogen carrier gas during the InGaN deposition drastically reduced the InN fraction. The loss of indium content could be compensated by lowering the InGaN growth temperature. Despite this lower temperature, the samples grown with small amounts of hydrogen were seen to improve in surface quality. The increase in hydrogen flow rate also had a positive effect on the luminescence homogeneity with the cathodoluminescence maps of the higher quality samples showing a reduction in peak energy variation. By quantifying these emission energy variations we have shown that 160 nm-thick InGaN samples with an average InN fraction of 10-15% and grown with a small hydrogen flow have a reduced spatial inhomogeneity of the emission energy compared to equivalent samples grown without hydrogen.
